Abstract. Soil plays a key role in terrestrial water dynamics by retaining precipitation on land. A water balance approach is used to evaluate spatial and temporal variations in soil moisture in Sri Lanka, a country characterized by high spatial variability as reflected in the recognition of three regions of the country, the wet zone, the intermediate zone, and the dry zone. We show that a combination of local climate and soil properties drive spatial patterns of soil moisture deficits on the island, with soils buffering climate variability in the wet zone and enhancing drought patterns in the dry zone. Changes in historical temporal planning and seasonal crop water allocations in zones with a degree of variability (i.e., neither consistently wet nor consistently dry). Because soil hydrologic regimes reflect inherent, local vulnerabilities, water management decisions need to incorporate regional variabilities in soil moisture dynamics in assessments of climate change adaptations.
Soil moisture is influenced by both physical and social variables. Temperature directly impacts the loss of water from soil through evapotranspiration while precipitation serves as a source of water (Várallyay et al., 2010) . Soil moisture is also influenced by land use patterns, which can drive differences in evapotranspiration and physical properties of soil (Fu et al., 2003) . In particular, land management and irrigation practices in agricultural areas can greatly influence soil moisture dynamics (Pender and Kerr, 1998) ; irrigation practices may vary depending on farmers' sensitivities to changes in soil water content (Du 5 et al., 2017) .
Assessing the potential impacts of climate change on soil moisture regimes is complex because of the strong feedbacks to both temperature and precipitation changes (Seneviratne et al., 2010; Várallyay et al., 2010) . Future projections of temperature changes generally have lower uncertainties than those for precipitation (IPCC, 2014) . Mean surface temperatures are expected to increase between 1.1 and 4.8C, with greater impacts at higher latitudes; precipitation changes are much more variable both 10 geographically and seasonally, making quantitative estimates more uncertain (IPCC, 2014) . Societal impacts of climate change are expected to vary globally, with agricultural production in regions at lower latitudes disproportionally impacted due to low adaptive capacity and already high temperatures (Gunda et al., 2017) . Given that crop productivity is strongly impacted by water availability (Kang et al., 2009) , understanding potential impacts of climate change on soil moisture is particularly important for development of informed adaptation strategies.
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Although studies have quantified impacts of climate change on soil moisture at both global (e.g., Berg et al. (2017) ) and regional (e.g., Eitzinger et al. (2003) ) scales, limited attention has been given to characterizing differences in soil moisture patterns arising from variabilities in local climate and soil conditions. Research shows that evapotranspiration at the scale of a watershed is related to climate drivers and to soil capacity to retain water in complex ways (Garcia and Tague, 2015) and that long-term patterns in soil moisture reflect climate interactions with soil water retention capacity (Salley et al., 2016) . Because 20 soil properties are intrinsic characteristics of local systems, societal responses may need to account for regional variabilities in soil moisture patterns in planning efforts.
In our work, we explore how climate and soil interact using both historical climate observations and stylized climate change scenarios. Specifically, we aim to assess how spatial variations in climate and soil properties influenced patterns of soil moisture over the last century and how spatial and seasonal variations of soil moisture may change in the future due to climate change. 25 We use a water balance approach in conjunction with counterfactuals to address the research questions; satellite data is used to evaluate the general patterns identified by the water balance approach. The island nation of Sri Lanka is largely agricultural with high spatial and temporal rainfall variability . We use this area for analysis as it has the high spatial variability characteristics that underlie our questions. Our results suggest that spatial differences in soil moisture variability are driven by a combination of climate and soils, with the latter buffering the magnitude and timing of deficits during wet 30 conditions. Both historical patterns and climate change impacts exhibit spatial variability, with deficits in the zones with a degree of variability (i.e., neither consistently wet nor consistently dry) most likely to be amplified in the future.
Methods

Study site
Located off the southeast coast of India, the island of Sri Lanka experiences a tropical climate. The physiography of Sri Lanka consists of a sloping topography with high country (i.e., elevation > 1000 m) in the center of the island that drops to less than 100 m along the coast (Figure 1 ). The average temperature on the island is 27 C except in the central highlands, where 5 temperatures are 15 C. Annual precipitation ranges between 1000 and 3600 mm on the island, with the wet zone receiving more than 2500 mm of rainfall and the dry zone receiving less than 1750 mm (Zubair, 2003) . The rainfall differences arise from the southwest portion of the island receiving rainfall during both the southwest monsoon (May-Sept) and the northeast monsoon (Dec-Feb) while the dry zone only receives rainfall during the latter; the intermediate zone is a transition region . In addition to rainfall, the three zones are also demarcated by varying soil types, with latosols and regosols (LRs) being 10 most prevalent in the wet zone, reddish brown earths (RBEs) and red latosols (RLs) in the dry zone, and a mixture of soils in the intermediate zone; RLs underlie the northwest coastal regions of the island of Puttalam and Jaffna. LRs are characterized by high water holding capacities while RBEs and RLs have low water holding capacities (Moorman and Panabokke, 1961; Cooray, 1984) . RBEs and RLs are also characterized by rapid infiltration and rapid releases of soil moisture at low tensions (DOA, 2017) . Rice production (the staple food of the country) occurs predominantly in the intermediate and dry zone districts 15 of the country (Davis et al., 2016) . The limited water supplies during the period from April to August are supplemented by local reservoirs in the intermediate zone and by the Mahaweli irrigation system, which diverts water from the central highlands to the lowlands, in the dry zone. Sri Lanka has been self-sufficient in rice production since 2005 but elevated temperatures and shifting precipitation patterns are sources of crop stress for the future (Davis et al., 2016) .
Soil moisture calculations
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Strong correlation between Palmer Drought Severity Index (PDSI)-derived soil moisture and independent soil moisture estimates have been observed globally (Dai et al., 2004; Szép et al., 2005) . A common measure of agricultural drought, PDSI uses a physical water balance in a 2-layered, 1-m soil system (Palmer, 1965) . Precipitation and recharge are inputs into the soil system while evapotranspiration and runoff are outputs. Runoff is dependent on the saturation of the underlying soils, which are characterized by the available water content (AWC) and antecedent conditions. The time scale of PDSI is approximately 25 9 months (Heim Jr, 2002) . A calculation of soil moisture content as part of the balance allows use of PDSI as a soil moisture indicator (Dai et al., 2004; Szép et al., 2005) . The primary advantage of using a drought index approach is that it can leverage long temporal records of meteorological data (Seneviratne et al., 2010) .
Monthly soil moisture was calculated at 13 stations in Sri Lanka (Figure 1 ), using the PDSI tool provided by Jacobi et al. (2013) with the Thornthwaite method for calculating potential evapotranspiration values and the full period of record for 30 calibration. Long-term, monthly precipitation and average temperature data for the 13 stations, were obtained from the Meteorological Department of Sri Lanka and processed as outlined in Gunda et al. (2016) ; the 13 stations capture the climate spatial variabilities of the country . PDSI was calculated on data from 1875 to 2016, with stable values achieved from Jan 1878 to Mar 2014. AWC values were derived from the literature and range from 37 mm in the northwest coastal regions to 187 mm in the wet zone (Aydin et al., 2012; De Silva and Rushton, 2007; Mikunthan and De Silva, 2010; Keerthisena et al., 2001; Mapa et al., 2010; Rajapaksha et al., 2002) (Figure 1 ). Soil moisture deficits (SMD), a common metric for climate change analysis (Cohen et al., 1996) , were estimated by subtracting soil moisture values from the corresponding AWC values.
The SMDs were normalized by AWCs to represent the fraction of soil moisture deficit relative to the local available water 5 content for the top 1 m (Peng et al., 2017) .
SMD estimates at the 13 stations were evaluated as a function of zone, AWC, and season to understand spatial and temporal patterns of variability. Median and standard deviation SMD values were calculated for each month to explore both the magnitude and timing of deficits. Seasonal patterns were also evaluated using soil moisture data observed directly by the Soil Moisture Active Passive (SMAP) mission, which was launched in January 2015. SMAP measures volumetric soil moisture in 10 the top 5 cm of the soil (Sun et al., 2017) . A Level 3, 36-km gridded product (L3_SM_P) derived from the passive sensor was used to develop monthly estimates of soil moisture. Grid values were extracted for the 13 station locations; cells with high percentage of water bodies and excessive vegetation were excluded from analysis. Temporal patterns were characterized by calculating exceedance probabilities of mean annual deficits, both for the full record and for the record split into two periods ("Until 1946" and "After 1946") to evaluate changes in the historical record. The nonparametric Wilcoxon-Mann-Whitney test was used to assess differences in the two period probability curves (Conover and Iman, 1981) .
Climate scenario analysis
Both elevated temperatures and shifting precipitation patterns can impact SMDs. Climate change projections for Sri Lanka note consistent increases in temperature throughout the year while precipitation shifts are variable based on the season (De Silva 5 et al., 2007; Zubair et al., 2015) . The largest modes of precipitation variability coincide with periods of high rainfall, notably during Apr-Jun and Oct-Dec (Zubair et al., 2015) . Some model projections show increases in rainfall while others show decreases for the future (Seo et al., 2005) . The large range of projections is driven by complex monsoon dynamics in the Indian
Ocean that lead to large biases in the climate models (Li et al., 2015) .
To assess sensitivity of SMDs to elevated temperatures, we consider warming scenarios of 1C, 2C, and 3C to account for 10 the range of conditions projected for Sri Lanka (Zubair et al., 2015) . For each warming scenario, we consider the "worst case scenario" of an added impact of a 10 % decrease in precipitation during the high rainfall months of Apr-Jun and Oct-Dec aforementioned. Because antecedent conditions are incorporated in the PDSI calculations, the sequence of meteorological occurrences are important. Therefore, the sensitivity of SMDs to elevated temperatures and reduced precipitation were evaluated using a counterfactual approach, whereby we impose the climate change patterns on the historical data set. In other words,
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the historical meteorological data at each station was modified by climate change patterns (i.e., warming only or warming and seasonal precipitation decreases) and then inputted into the PDSI tool to estimate SMDs and evaluate how soil moisture deficit patterns could change in the future. This approach would limit overestimation issues since climate change projections imposed on the record are dynamically accounted for in the PDSI calculations, rather than being imposed on mean patterns (Berg et al., 2017) . In the intermediate zone, median deficits increase Jan-Mar and May-Sep across the warming conditions, with increases also occurring in Apr under the reduced precipitation scenarios (Figure 7 ). In the dry zone, median deficits primarily increase in
Oct and in Jan across the three temperature conditions. Generally, the standard deviations increase with increases in the median except where deficit medians approach the AWCs (Figure 7 ). At the station-level, significant differences between scenarios are 15 observed in two of the wet zone stations, both of the intermediate zone stations, and one of the dry zone stations (Table A1) . 
Discussion
Spatial and temporal patterns of soil moisture deficit are conditioned both by the ability of soils to retain water and by climate conditions. In Sri Lanka, deficits showed consistent patterns within the three zones (Figure 2 ). Of the four wet zone stations, the two in the central mountains show similar temporal patterns with essentially no deficits and little variability ( Figure A1 ).
Soil moisture deficits for the two wet zone stations on the coast, on the other hand, are noticable in some months (February 5 and March in particular) and are much more variable throughout the year ( Figure A2 ) reflecting the importance of intra-zonal variations arising from local climate conditions. The soils in the wet zone have high water holding capacities (potentially indicative of historical climate controls (Hawkes et al., 2017) ) that effectively buffer the impacts of climate variability on SMDs resulting in overall low annual deficits in the region ( Figure 5 ). In contrast to the wet zone, consistently high SMDs are present in the dry zone, indicating that the combination of low water holding capacities of soil and drier climates leads Figure 5 ). The low deficits that occur commonly in the central highlands ( Figure A2 ) provide part of the explanation for high landslide hazards in the region (e.g., (Zubair et al., 2005) ).
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Hydrol Seasonal patterns of surface soil moisture data from SMAP are similar to those observed from the calculated deficits ( Figure   4 ), a finding consistent with the general agreement typically observed between moisture dynamics at the surface and the total unsaturated soil zone (Berg et al., 2017) . For example, the periods of high deficits at Kurunegala coincide with months of low soil moisture observed by SMAP. We attribute the difference in peak soil moisture at Anuradhapura and Kurunegala (May per SMAP but April per water balance method) to the release of irrigation water for rice planting (MASL, 2015) that is not 5 accounted for in the SMD calculations. A significant advantage of SMAP-derived data is the availability of soil moisture near real-time, every 2-3 days. However, the current spatial resolution of 36 km and poor signal quality in heavily forested regions and along coastal regions are notable limitations of this dataset. Continued development of statistical downscaling methods indicate promise for applying SMAP data to a scale usable for water management practices (Peng et al., 2017) , especially, in conjunction with seasonal forecasting of vegetation health (Bolten and Crow, 2012) and early warning systems of drought annual cumulative distributions of SMD for "Until 1946" with the distributions for "After 1946" indicates significant change for only a few stations ( Figure A3 ). At Anuradhapura, a total annual SMD of 825mm was 25 % more likely to occur in the latter period than in the earlier period ( Figure A3 ). Although the rainfall at Nuwara Eliya has declined by about 25 % (De Silva and Sonnadara, 2016), there is enough water to keep the SMD at a minimal level. The hydrological impact is not on the local SMD but rather on the surplus of water available to run off. Given that transfer of water from the central highlands (e.g., Nuwara
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Eliya district) to the lowlands (e.g., Anuradhapura district) for irrigation is important for rice production, the lack of significant change of SMD historically in the wet zone cannot be interpreted as being of little consequence.
Temperature changes (which generally have the lowest associated uncertainty of climate change projections) drive significant increases in soil moisture deficits across the country (Figure 6 ). The impacts of 2C and 3C temperature increases at intermediate and dry zones (probability shifts of up to 20 %) impose a considerable threat to soil moisture. Although reduced precipitation 10 is projected for Sri Lanka (Shantha and Jayasundara, 2005; , marginal impacts of precipitation on deficit probabilities are lower than those for temperature increases alone. At the station-level, significant shifts from both warming 9 Hydrol. Earth Syst. Sci. Discuss., https://doi.org /10.5194/hess-2017-357 Manuscript under review for journal Hydrol. Earth Syst. Sci. impact of soils during drier climates (Salley et al., 2016) . Although deficits are high for more than eight months in the dry zone historically, only the Jan and Oct months show changes under climate change. Even though SMDs will not increase under warming scenarios when already at a maximum value (e.g., in the dry zone in May-Sep), the higher atmospheric evaporative demand will require more water if moisture deficits are to be offset by irrigation. region (Perera et al., 2016) . Increases in irrigation water needs would be particularly important during Jan-Mar and May-Jun, which coincide with critical growth stages of rice when soil moisture availability is a significant control on plant densities and crop yields, respectively (Mkhabela et al., 2005) .
Sri Lanka is characterized by a radial drainage pattern with water flowing from the central hills outward (Figure 1 ). Irrigation water supplied to the dry zone from reservoirs in the central hill country is of critical importance for agricultural production as the Mahaweli irrigation system may buffer the dry zone from climate change impacts but not the intermediate zone of the country. Furthermore, increased competition for water will influence the amount of water available for irrigation (Perrone and Hornberger, 2016) . Further evaluation of the transitional, intermediate region, which is also characterized by strong coupling of soil moisture and precipitation dynamics (Koster et al., 2004) , is important for adaptation assessments.
The interrelationships among climate, soil moisture, and crop productivity are complex (Kang et al., 2009) . Although differ-15 ent regions of the world will be impacted differently, expectations are that climate change may result in about a 20 % increase in irrigation water requirements by 2080 over and above those needed to accommodate expansion of land under irrigation (Fischer et al., 2007) , a level broadly consistent with estimates for paddy production . Assuming no changes in precipitation, Davis et al. (2016) showed that closing yield gaps and increasing harvest frequencies will enable Sri Lanka's rice production to keep pace with population growth. Our work indicates that water stress impacts from increasing 20 temperature may greatly outweigh those from precipitation changes in endangering future self-sufficiency of rice on the island.
Farmers' sensitivities to soil moisture can also strongly influence crop decisions (Du et al., 2017) . Williams and Carrico (2017) identified that water-stressed farmers are significantly more likely to plant non-rice crops in their paddy lands than are water secure farmers. The implication is that increased water stress (as indicated by changes in SMD calculated in our climate change scenarios) may lead to a significant reduction of rice production. Water requirements planning (and therefore crop decisions) 25 could be informed by soil moisture projections, which could be generated by adapting SMD calculations to use seasonal climate forecasts; the impact of seasonal forecasts on crop selections, which influences farmer income, has been demonstrated by Gunda et al. (2017) . In this instance, SMAP data could be used to update the SMD model and seasonal forecasts periodically.
Conclusions
Soil plays a key role in terrestrial water dynamics by retaining precipitation on land. We identify that a combination of local could potentially exacerbate meteorological drought conditions (Zaitchik et al., 2006; Salley et al., 2016) , water management 5 decisions need to incorporate soil moisture dynamics in climate change adaptation assessments. Given increased competition, resource planners in various water use sectors will have to coordinate if deleterious impacts of competition for water are to be minimized. As downscaling methods improve, SMAP data could provide valuable insights for informing local practices.
Data availability. Soil moisture deficit calculations for the work reported here can be reproduced following the procedures described. The primary climate data were obtained from the Meteorological Department of Sri Lanka, which controls the distribution of the data. Missing data were infilled using methods described fully by Gunda et al. (2016) . Calculated soil moisture values can be reproduced using the PDSI Matlab code available as supplementary information in Jacobi et al. (2013) .
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